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Wetting of liquid droplets on passive surfaces is ubiquitous in our daily lives, and the
governing physical laws are well understood. When surfaces become active, however,
the governing laws of wetting remain elusive. Here, we propose chemically active
wetting as a class of active systems where the surface is active due to a binding
process that is maintained away from equilibrium. We derive the corresponding
nonequilibrium thermodynamic theory and show that active binding fundamentally
changes the wetting behavior, leading to steady, nonequilibrium states with droplet
shapes reminiscent of a pancake or a mushroom. The origin of such anomalous shapes
can be explained by mapping to electrostatics, where pairs of binding sinks and sources
correspond to electrostatic dipoles along the triple line. This is an example of a more
general analogy, where localized chemical activity gives rise to a multipole field of
the chemical potential. The underlying physics is relevant for cells, where droplet-
forming proteins can bind to membranes accompanied by the turnover of biological
fuels.

wetting | nonequilibrium thermodynamics | phase separation

From water droplets spreading on glass surfaces to raindrops rolling off plant leaves,
wetting phenomena are ubiquitous in our daily lives. On macroscopics scales, the laws
of wetting on passive surfaces are well understood. The shape of a wetted droplet follows
a spherical cap and the contact angle between the cap and the surface is governed
by the law of Young–Dupré relating the surface tensions at the triple line (1–4).
The stationary shape of a wetted drop can however deviate from a spherical cap in
the presence of gravitation (5), visco-plasticity (6) and heterogeneous or patterned
surfaces (7).

Wetting phenomena are not limited to solid surfaces in the macroscopic world; they
also manifest at mesoscopic scales on biological surfaces such as membranes, where
micrometer-sized coacervate droplets wet lipid bilayer surfaces. Wetting interactions
on such scales can even deform membrane vesicles (8–10), give rise to a large
variety of complex droplet and vesicle shapes (11) and modulate lipid packing
in the membrane (12). In cells, wetting of biomolecular condensates occurs on
membrane surfaces of organelles (13–15) and the cell’s membrane (11, 16–19). A
key property of membranes is that molecules, in particular droplet components, can
bind to specific receptors embedded in the membrane. Theoretical studies showed that
membrane binding can give rise to surface phase transitions and an altered wetting
dynamics (17, 20). In cells, surface binding often involves chemical activity that
maintains binding away from equilibrium, suggesting more complex phenomena in
active wetting. This activity is typically supplied by biological fuels such as ATP or
GTP (21–23).

Active biophysical systems exhibit a rich set of phenomena (24–27). Active drops can
divide (28–30), form liquid shells (31–33), suppress coarsening (31, 34, 35), and regulate
wetting on surfaces (36, 37). In phase-separated systems where chemical reactions are
maintained away from equilibrium, the mismatch of chemical and phase equilibrium
leads to spatial fluxes of the components, even in steady state (38). How fluxes that are
driven by active binding processes located at the interface between a droplet and a surface
affect wetting remains elusive.

To understand the interplay between active binding and membrane wetting, we
introduce a class of active systems, where droplets undergo chemically active wetting,
and derive the corresponding nonequilibrium thermodynamic theory. We draw a formal
analogy to electrostatics, suggesting that the triple line acts as a source multipole,
generating a spatial pattern of chemical potential. The resulting diffusion fluxes deform
a spherical cap-shaped droplet at equilibrium to shapes reminiscent of a pancake or a
mushroom at nonequilibrium steady state.
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Theory of Active Wetting

We consider a binary solute-solvent mixture that can phase-
separate in the bulk and which is in contact with a membrane
surface (Fig. 1). In a finite system, a droplet-phase rich in solutes
can coexist with a dilute phase in the bulk and wet the surface,
exhibiting a local contact angle �0. Moreover, the solutes are able
to bind to and detach from the membrane at a rate described by
the net desorption flux s. This binding process can be passive,
settling at binding equilibrium, or it can be active.

The dynamics of active wetting can be described by a
continuum theory where the fields of volume fraction in the bulk
� and the area fraction on the membrane �m are determined by
the conservation laws:

∂t� = −∇ · j , [1a]
∂t�m = −∇‖ · jm − s , [1b]

where j and jm are the diffusive fluxes in bulk and membrane,
respectively. The gradient vector in the membrane plane is
denoted by ∇‖.

The coupling energy Ω(�0) between bulk and the membrane
surface, located at z = 0, sets a boundary condition for the bulk
volume fraction � at the surface

n · ∇�
∣∣
z=0 =

1
�

∂Ω
∂�0

, [1c]

with �0 = �(z = 0), � characterizing the free energy cost
for spatial inhomogeneities in � and n = (0, 0, 1)T the normal
vector of the membrane. We note that the coupling energy is
related to the local contact angle �0; more details are given in
Materials and Methods.

For solutes being conserved in membrane and bulk, the net
desorption flux s is related to the normal component of the
diffusive bulk flux at the membrane surface:

n · j =
�
�m

s , [1d]

Fig. 1. Schematic illustration of wetting on chemically active surfaces. The
droplet can wet the planar surface containing a droplet (dense phase I)
surrounded by a dilute phase (II). The droplet components bind to the
membrane, forming a two-dimensional layer at the interface between
bulk and membrane. The unbinding flux soff is passive, while the binding
flux son is governed by active processes, which can be realized by the
consumption/production of fuel/waste.

A B

C

Fig. 2. Wetting on passive and chemically active surfaces. Figure panels
are obtained from solving the shape equation (Eq. 5) for a two-dimensional
system. Details of the numerical method are given in SI Appendix, section II.
(A) Equilibrium droplet in a passive system with a contact angle �0 = 0.4�.
The corresponding chemical potential is homogenous in space. (B) Stationary
droplet on an active surface withp = 5p̄, Xp−X0 = −1`. The chemical potential
is shown as a color map. (C) Droplet on an active surface, with p = −5p̄,
Xp − X0 = 1` and p = −5p̄, Xp − X0 = −0.2`, with p̄ = Λ�mkBT`/�.

with � and �m are the molecular volume and molecular area,
respectively.

The net desorption flux is composed of the difference between
an unbinding and a binding flux, s = soff−son. In passive systems,
the two fluxes are linked by the detailed-balance of the rates,
which ensures s = 0 at chemical equilibrium, corresponding to
�m = �, with the chemical potentials in bulk, �, and membrane,
�m. For an active system detailed balance of the rates is broken

son

soff
6= exp

[
−
�m − �
kBT

]
. [1e]

Thus s 6= 0 for � 6= �m such that binding is driven away from
equilibrium. Here, kB denotes the Boltzmann constant and T
the temperature.

The diffusive fluxes in bulk and membrane

j = −Λ(�)∇� , [1f ]
jm = −Λm(�m)∇‖�m , [1g]

are driven by gradients in the bulk and membrane chemical
potential � and �m, respectively, where Λ and Λm denote
respective kinetic coefficients. Their volume and area fraction
dependence are given in Materials and Methods.

For a passive surface without any active binding processes, the
steady-state solution of Eq. 1 corresponds to thermodynamic
equilibrium. It is characterized by a homogeneous chemical
potential that is identical between bulk and membrane implying
that the diffusive fluxes j and jm, and the net desorption flux s
are each zero. In this case, the wetted droplet takes the shape
of a spherical cap and the contact angle �0 fulfills the law of
Young–Dupré (Fig. 2A).

By keeping the binding away from chemical equilibrium, the
fluxes j, jm and s remain nonzero in steady state and we observe
a qualitative change of the wetting behavior. The droplet shape
can now differ significantly from a spherical cap, caused by a
position-dependent chemical potential.

Mapping to Electrostatics

The shape of wetting droplets on an active surface can be
understood by drawing an analogy to electrostatics. To this end,
we consider a charge-free, linear dielectric medium adjacent to a
nonconducting, nonpolarizable medium. The interface is hetero-
geneously charged with a charge area density �(x, y). According
to Gauss’s law, the displacement field D fulfills ∇ · D = 0
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in the absence of free charges and n · D = � at the interface
(for more details, see SI Appendix, section IV). Comparing the
electrostatic equations with the dynamic equations for active
wetting Eq. 1 at steady state (∂t� = 0, ∂t�m = 0) suggests
a mapping between electrostatics and active wetting, which is
depicted in Fig. 3. Specifically, the net desorption flux s generates
a position-dependent chemical potential � in the same way as
a charge density � gives rise to an electrostatic potential Φ.
Therefore, the far field of the chemical potential corresponds
to the electrostatic potential field of a multipole.

To illustrate the mapping to electrostatics further, we consider
a two-dimension system for simplicity. In this case, a two-
dimensional droplet interacts with a one-dimensional mem-
brane or equivalently, a two-dimensional electrostatic potential
resulting from a one-dimensional line charge density. The three-
dimensional case is discussed in SI Appendix, section V.

The multipole generated by the net desorption flux gives rise
to a chemical potential profile which is governed to leading order
by two dipoles positioned at ±Xp. For constant mobility Λ, this
chemical potential can be written as (SI Appendix, section V.A):

�(x, z) =
p �

2��mΛ

[
x − Xp(

x − Xp
)2 + z2

−
x + Xp(

x + Xp
)2 + z2

]
+ �c . [2]

This chemical potential profile corresponds to the super-
position of two dipole moments with opposite orientation
and magnitude p. The two dipoles have a distance 2Xp
from each other. In Eq. 2, x and z denote the lateral and
horizontal coordinates and �c is a constant offset, that acts as
a Lagrange multiplier to ensure a symmetric droplet shape.

The chemical potential profile Eq. 2 can be derived from the
multipole moments of the net desorption flux s. The monopole
q =

∫
∞

−∞
dx s(x) has to vanish due to particle conservation in

a stationary system. The dipole moment of the whole active
surface also vanishes due to the mirror symmetry of the droplet,
which is formally written as

∫
∞

−∞
dx xs(x) = 0. Thus, the

first nonvanishing moment is the quadrupole moment. The
quadrupole moment is generated by two oppositely oriented
dipoles of equal magnitude

p =

∞∫
0

dx xs(x) , [3]

that are placed at x = ±Xp, with the dipole position given as

Fig. 3. Mapping to electrostatics. Correspondence of quantities from elec-
trostatics (Left) and wetting at active surfaces at steady state (Right).

Xp =

∞∫
0
dx x2 s(x)

2
∞∫
0
dx xs(x)

. [4]

Using the magnitude of the dipole moments and their
positions, we obtain the potential profile given in Eq. 2. We note
that the position Xp of the dipole and the position of the droplet
interface X0 are in general not identical, due to the potential
asymmetry of the net desorption flux s around the triple point.
We furthermore note, that p and Xp are not independent as they
are both determined by the flux s. In turn, any combination of p
and Xp can be obtained by choosing the appropriate functional
form of s(x).

Droplet Shapes on Active Surfaces

We first discuss an effective droplet model describing the
interface shape. The droplet shape is determined by the position-
dependent chemical potential that results from the active binding
processes with the surface. Note that there are no chemical
reactions in the bulk. Therefore, we can consider the droplet
interface between the dense droplet phase and the dilute
phase to be at local equilibrium, implying a Gibbs–Thomson
relation (39). The mean interface curvature H at a point on
the droplet surface is related to the local chemical potential as
(�−�0)/kBT = `H , with�0 the equilibrium chemical potential
in the thermodynamic limit and where the capillary length
` = �0/

[
kBT

(
�I
− �II)], is set by the ratio of the surface

tension of the planar interface 0 and the thermal energy. Using
an arc length parameterization of the droplet shape (x(S), z(S)),
with the arc length S, the mean curvature H = −d�/dS, and �
as the angle to the horizontal x-axis, we find the following shape
equations:

dx
dS

= cos � , [5a]

dz
dS

= sin � , [5b]

d�
dS

= −
1
`

�(x, z)− �0

kBT
, [5c]

with the boundary conditions

x(0) = −X0 , z(0) = 0 , �(0) = �0 , [5d]
�(Smid) = 0 , [5e]

with Smid denoting the mid point of the droplet interface and
X0 is the position of the triple line. For a given X0, the offset
of the chemical potential �c in Eq. 2 has to be adjusted to
match the boundary condition at Smid. We note that the area,
i.e., the two-dimensional volume, can be specified instead of X0.
In this case, X0 is a free parameter and �c acts as a Lagrange
multiplier to impose a fixed volume. Note that in the following,
we consider for simplicity a symmetric double well free energy
density, implying �0 = 0. Fig. 2C ) shows two examples of
strongly deformed droplets. Depending on the choice of the
parameters p and Xp − X0, a tightly constricted droplet shape or
a wide droplet with an inward bulge in the center is created.
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A

B

D E

F G

C

Fig. 4. Wetting on passive and chemically active surfaces. All figure panels
are obtained from solving Eq. 1 numerically; details of the numerical method
are given in SI Appendix, section II. (A) Equilibrium droplet in a passive system
with �act = 0. (B and C) Stationary droplets for chemically active binding
with �act = −6 (B) and �act = 4 (C). (D and E) Chemical potential map that
corresponds to the stationary droplets shown in subfigures (B) and (C). The
droplet shape is indicated as a black line. (F ) and (G) Chemical potential map
in the vicinity of the contact line. The fluxes in bulk and in the membrane
that are caused by gradients of the chemical potential are indicated by black
arrows. For better visibility, the membrane is shown extended in height in all
subfigures.

Comparison of the Effective Droplet Model and
the Continuum Model

To compare the results of the effective droplet model with
numerical simulations of the continuum model, we have to make
a specific choice of the binding flux s. We introduce an external
free energy Δ�act, such that

son

soff
= exp

[
−
�m − (� + Δ�act)

kBT

]
. [6]

For Δ�act 6= 0, Eq. 6 breaks the detailed balance of the rates. It
reflects the idea of binding processes that are maintained away
from equilibrium by coupling of binding to active processes. This
case can be realized for example by a chemical fuel (32, 40, 41),
where binding or unbinding turns the fuel to a reaction product.
To ensure that Δ�act is phase-dependent, we choose

Δ�act = �actkBT�0, [7]

where �act denotes the activity parameter and �0 is the bulk
volume fraction at the membrane surface. Note that our choice
with �act > 0 corresponds to a system where the active
contribution Δ�act to the chemical potential is larger inside the
dense phase compared to the droplet surrounding. We consider
positive and negativeΔ�act which describe the tendency to enrich
or deplete the membrane surface by active binding.

When maintaining binding away from chemical equilibrium,
(Δ�act 6= 0), we find a nonequilibrium steady state with position-
dependent chemical potentials that drive diffusive fluxes in the
membrane and the bulk (Fig. 4 B–G). Such fluxes are most
pronounced near the triple line. Depending on the value of
Δ�act > 0, we find shapes that are qualitatively different from

a passive system with the contact line expanding or contracting
relative to the passive case. For the chemically active surface, we
observe droplet shapes that are reminiscent of a pancake or a
mushroom, respectively.

The dipole moment p of the active surface is caused by the
mismatch of the membrane area fractions �I

m and �II
m adjacent

to the dense and dilute bulk phase. To estimate �I,II
m , we describe

the bulk droplet in the limit of a sharp interface leading to the
dense and dilute steady state values �I and �II. We fix the bulk
chemical potential � far from the surface to be constant. Far
from the contact line, the system becomes homogeneous even
in the active case. The lateral diffusive membrane flux must
therefore vanish. Subsequently the net desorption flux vanishes
as well, which implies son = soff . This results in the following
relationship:

�m − � − �actkBT�I,II = 0 , [8]

where �m is a function of �I,II
m . The values of �I,II

m that we
determine based on Eq. 8 agree well with the simulation results
(Fig. 5A). Furthermore, using a sharp interface model, we find an
analytic approximation for the dipole moment (see SI Appendix,
section VI.B for details)

p '
(
DI

m + DII
m

) �I
m − �II

m
2

, [9]

where DI,II
m denote the diffusion constants in a surface of area

fraction �I,II
m . Fig. 5B) shows that the analytic results obtained

from the sharp interface model agree well with the numerical
solution of the continuum model (Eq. 1). We see that the
magnitude of the dipole moment p exhibits a maximum around
�act = ±2.5. For �act = 0, the dipole vanishes, resulting
in a spatially constant chemical potential, � = �c (Eq. 2),
in agreement with the key characteristic of passive systems in
equilibrium. For large |�act| the dipole vanishes as well, since the
surface in both domains I and II gets either depleted (�m → 0
for negative �act), or fully occupied (�m → 1 for positive �act).
Thus, in both cases, the difference between (�I

m−�II
m) becomes

small leading to a vanishing magnitude of the dipole moment
according to Eq. 9.

A

B

Fig. 5. Activity parameter affects the surface volume fractions and magni-
tudes of sink-source dipole. Results are obtained using the sharp interface
model (solid lines) leading to Eqs. 3 and 8, and continuous simulations Eq. 1
(open symbols). (A) The membrane area fractions �I

m, �II
m increases with the

activity parameters �act as it promotes binding to the surface. (B) The sink-
source dipole changes sign at �act = 0 and vanishes for large |�act| because
the active surface gets either depleted or fully occupied in both domains I
and II. The dipole is scaled by p̃ = �2

0k0 .
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Fig. 6. Dipole position depends on activity parameter. Using the sharp
interface model, we calculate the difference between the dipole position
Xp and the droplet interface at the membrane X0 as a function of the activity
parameter; �0 is the scale of the reaction–diffusion lengths. The difference
Xp−X0 consists of a symmetric term ΔX and a term that is not symmetric with
respect to �act, due to the asymmetric contribution of the reaction–diffusion
length scales.

The activity parameter �act also affects the position of the
dipole

Xp = X0 + ΔX + �I
− �II , [10]

relative to the triple line at X0 by a symmetric contribution
ΔX (�act) = ΔX (−�act) and an in general asymmetric contribu-
tion from the reaction–diffusion length scales �I,II(�act) (Fig. 6;
see SI Appendix, section VI.B for the expressions of ΔX and
�I,II. The dipole can be deflected to the left or the right of the
triple line. The asymmetry of this deflection with the activity
parameter results from reaction rate coefficients and diffusivities
depending on volume and area fractions that vary between the
domains I and II (Fig. 6). The changes in the droplet position
are accompanied by pronounced changes in droplet shape in the
vicinity of the triple line. We find a rather flat, pancake-like
drop with a positive local curvature at the triple line when p and
(Xp − X0) have different signs. Once both have the same sign,
the drop has a negative curvature at the triple line leading to
mushroom shapes.

To characterize the droplet shape on an active surface, we
introduce the contact angle of active wetting �act, which obeys

X 2
0
A

=
�act − sin(�act) cos(�act)

sin2(�act)
, [11]

where A is the area of the droplet, i.e., the two-dimensional
equivalent of the droplet volume. The contact angle �act becomes
the local contact angle �0 when the droplet wets a passive surface
leading to a circular cap shape.

The contact angle �act and thus the droplet shape is controlled
by the activity parameter �act. For large and negative �act, �act is
decreased, indicating a pancake shape while for large and positive
�act, the active contact angle in enhanced corresponding to a
mushroom shape (Fig. 7). The results of the sharp interface
model (solid line) agree well with the numerical calculations
for a continuous interface (open circles).

In summary, our key finding is that the active binding (�act 6=
0) leads to deviations of the active angle �act from the local
contact angle �0. This deviation results from a nonvanishing sink-
source dipole at the triple line and an inhomogeneous chemical
potential. We note that deviations from the local contact angle by
the active process are generic while the precise relation between
activity �act and the dipole p (Fig. 5), or the nonlinearities of
the effective contact angle on �act (Fig. 7) depend on the specific
choice of the net desorption flux s (Eq. 6).

Active Droplet Wetting in Experiments

An open question is how to experimentally realize an active
system where wetting and, thereby, the droplet shape can be
controlled by active binding processes to a surface. The key
ingredient is a chemical substance that can form droplets and
adhere to a surface. Molecules can bind and unbind, and both
are maintained away from chemical equilibrium. This can be
achieved, for example, through the use of a chemical fuel that
drives binding and unbinding.

Active wetting may play a role in cell biology. Potential
examples are the synaptic vesicle clusters and stress granules in
living cells. These systems exhibit the key properties necessary
for active wetting: phase separation and binding maintained
away from equilibrium. In synaptic vesicle clusters, synapsin
1, a membrane-associated protein, binds ATP and can un-
dergo phase separation (42, 43). Stress granules are phase-
separated condensates containing G3BP1 proteins that bind
GTP and the lysosomal membrane (44, 45). Notably, stress
granules can interact with lysosomes (8), making this system
an appealing candidate for active wetting in a biological con-
text.

The general prerequisite for active wetting and pronounced
shape changes is that binding rate coefficients k are fast enough
such that the reaction length scales � =

√
Dm/k are small and the

binding flux localize well around the triple line. To be specific
by the numbers, according to our model, pronounced shape
changes occur for an activity parameter |�act| ' 5 (Fig. 7D),
corresponding to a reaction–diffusion scale relative to droplet
size �0/X0 ' 0.05. This case could be realized, for example, by
a surface diffusion constant, Dm, of 1 μm2/s and a binding rate
k ∼ k0e�act in the order of 1/s. Thus, we propose a system that
uses an ATP-driven phosphatase/kinase cycle to remove/donate
a phosphate group to a phase-separating component and thereby
controls binding (46). The turnover of ATP enables to actively
regulate binding by changing the ATP concentration and thereby
controlling the shape of wetted droplets experimentally. In a
phase-separated system with active binding processes, a signature
of active wetting that could be observed experimentally is a
deviation of the droplet shape from a spherical cap. To this end,
we suggest considering μm-sized droplets that are smaller than the
capillary length such that gravitational effects on droplet shape
are negligible. Moreover, concentration gradients in the vicinity
of the triple line in experiments could also point to active wetting.

Fig. 7. Shape of droplet on active surfaces. The active contact angle depends
in a nonmonotonic way on the activity parameter �act. For |�act| → ∞, �act
approaches the passive value �0, as the dipole moment vanishes. Droplet
shapes are obtained using the sharp interface model (solid lines) using Eq. 5,
and continuous simulations Eq. 1 (open symbols). The data points shown in
blue correspond to the numerical results shown in Fig. 4 B and C). Results
obtained using the sharp interface model are shown for a fixed value X0/�0 =
20. In the numerical simulations, X0/�0 varies between 18 and 36. The dashed
line indicates the passive contact angle �0.

PNAS 2025 Vol. 122 No. 15 e2403083122 https://doi.org/10.1073/pnas.2403083122 5 of 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 M
ax

 P
la

nc
k 

In
st

itu
te

 o
f 

M
ol

ec
ul

ar
 C

el
l B

io
lo

gy
 a

nd
 G

en
et

ic
s 

on
 A

pr
il 

10
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

14
1.

5.
11

.5
.

https://www.pnas.org/lookup/doi/10.1073/pnas.2403083122#supplementary-materials


Discussion

Various examples exist where wetting is affected through active
processes. Dewetting of epithelial cells by their active propul-
sion (37) is one striking example. Another example is active
droplets that adhere to surfaces and where chemical reactions
are maintained away from equilibrium in the bulk (36). The
common feature of these systems is that the active processes
occur exclusively within the bulk (36, 37). This is fundamentally
different from our work in which we propose a class of active
systems where active binding processes affect wetting of droplets
at the surface. We find that such binding processes give rise
to flux patterns near the triple line at steady-state. While for
a passive surface, the shape of wetted droplets is a spherical
cap with a minimal surface area, flux loops adjacent to active
surfaces deflect the triple line where all three phases coexist.
This results in droplet shapes reminiscent of a pancake or a
mushroom. A striking property is that the lower dimensional
active surface can strongly affect the shape of the higher
dimensional droplet.

We use a mapping of nonequilibrium fluids to electrostatic.
Such a mapping has been used before to reveal simple principles
governing nonequilibrium physics (47–49).

Our findings of shapes that significantly deviate from a
spherical cap suggest that active wetting can deform and alter
the structure of deformable membranes. We expect that such
deformations can arise from the induced flux loops localized at
the triple line acting as a local pump. Furthermore, such fluxes
may drive membrane shape remodeling, including changes in
membrane topology. Such changes would provide a gateway for
biomolecular transport. Wetting on active surfaces and the asso-
ciated transport phenomena thus may also have implications for
a variety of cellular processes, including membrane budding (50),
and vesicle rupture (51).

Materials and Methods

We describe chemically active binding such that the binding flux becomes
stronger or weaker than the passive system. In contrast, the unbinding flux
remains unchanged, which leads to the following representation of the net
desorption flux

s = k0(1− �m)(1− �0)

×

(
exp

[
�m
kBT

]
− exp

[
� + Δ�act

kBT

])
, [12]

withk0 an intrinsic binding rate,k the Boltzmann constant andT the temperature.
In an experimental setting, our model corresponds to a scenario where fuel,
which drives the active binding process, partitions into the droplet and where
fuel is continuously supplied from a reservoir while waste products are cleared
sufficiently fast.

To study the wetting behavior, we describe both the bulk and the membrane
by a Flory–Huggins free energy density, with

f =
kBT
�

[� ln(�) + (1− �) ln(1− �) + ��(1− �)] , [13]

in bulk and

fm =
kBT
�m

[�m ln(�m) + (1− �m) ln(1− �m)

+ �m�m(1− �m)] , [14]

in the membrane and � , �m the Flory–Huggins interaction parameters. The
free energy F of the system, which is composed of the bulk with volume V and
the membrane m now reads

F[�,�m] =

∫
V
d3x

[
f(�) +

�
2

(∇�)2
]

+

∫
m
d2x

[
fm(�m) +

�m
2

(
∇‖�m

)2
+ (�0)

]
, [15]

with� and�m accounting for the free energy cost of spatial inhomogeneities. The
last term in Eq. 15 denotes the coupling energy between bulk and membrane.
For simplicity, we restrict ourselves to a coupling that is linear in the bulk volume
fraction at the surface,�0 = �(z = 0),

(�0) = −!�0 . [16]

with a constant binding energy per unit area!. The chemical potential in bulk and
membrane are obtained from the free energy as�/� = �F/�� and�m/�m =

�F/��m. We model the mobility coefficients as Λ = Λ(0)�(1− �) in bulk

and Λm = Λ(0)
m �m(1− �m) on the membrane, with constant Λ(0), Λ(0)

m .
Minimizing F leads to the boundary condition Eq. 1c, and with Eq. 16, we have

n · ∇�
∣∣
z=0 = −

!
�

. [17]

To establish a relationship between the binding energy! and the local contact
angle �0, we consider a sharp droplet interface, where the dense and dilute
phases are homogeneous. The law of Young–Dupré then reads

0 cos �0 = !
(
�I
− �II

)
. [18]

We define the reaction diffusion length scale �0 =

√
Λ(0)

m kBT/k0 as a
characteristic length scale of the continuum model.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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51. S. Penič et al., Budding and fission of membrane vesicles: A mini review. Front. Phys. 8, 342

(2020).

PNAS 2025 Vol. 122 No. 15 e2403083122 https://doi.org/10.1073/pnas.2403083122 7 of 7

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 M
ax

 P
la

nc
k 

In
st

itu
te

 o
f 

M
ol

ec
ul

ar
 C

el
l B

io
lo

gy
 a

nd
 G

en
et

ic
s 

on
 A

pr
il 

10
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

14
1.

5.
11

.5
.


